Thermal processing is a very common technique in the food industry. Commonly foods are overprocessed to ensure safety, but this may give excessive loss of quality attributes. Thermocouples are commonly used to obtain temperature-time profiles, but for many products it is not feasible to use them. Time-temperature indicators (TTIs) are small particles containing a reactive species that can be passed through a process and then assayed to measure the process effects. A series of tests have been carried out to determine the feasibility of using TTIs to validate thermal processes, using a pilot scale process vessel. TTI results could show the effects of local wall heating and distinguish between different heating regimes. Particle paths can be quantified using Positron-Emission Particle Tracking (PEPT); for viscous fluids of the kind found in food applications there is very close match between the flow of the fluid and of the TTI. Suggestions for the use of TTIs are made.
1. INTRODUCTION 
Thermal processing
Thermal processing is the basis for the majority of the operations of the food industry, with processes such as canning being the basis for large industry sectors. The aim of thermal processing is to reduce the bacterial load in the food to a level that allows it to be safe over the proposed shelf life of the material. In addition, reactions that lead to the creation of acceptable taste and flavour (such as the gelatinisation of starch, the denaturation of proteins, and Maillard reactions) should be promoted, whilst those which lower quality (such as, for example, the loss of vitamins or the creation of carcinogens such as acrylamide) minimised.
The practical problem is that the need for process safety is paramount -the damage done to a brand by the need to recall product, or a food poisoning outbreak, is so severe that processes are routinely overdesigned. The result is lowered product quality, which in turn makes the material less attractive to the consumer. The job of the food engineer is to ensure that the quality of the food is maximised while maintaining safety. In part this is an optimisation process and can be highly mathematical [1] [2] [3] ; however in practice the critical issue is in validating the process. Such validation requires that there is an effective measurement method which can show the level of thermal treatment which the material has received.
In some cases, it is possible to measure the temperature-time profile of the food accurately, and thus infer the amount of processing it has received using equations such as:
• were attached to the TTI tubes so that the path of the TTI could be followed.
Use of TTIs in an industrial scale agitated vessel
Experiments were performed on a vertical jacketed mixing vessel manufactured by Giusti Ltd. (Burton on Trent, UK) as shown in Fig. 1 (a Figure 3(a) shows the velocity field for the TTI particle, whilst Fig. 3 (b) shows the free particle behaviour. The TTI particle occupies a much narrower region of the flow than does the free particle, shown by the stripes in the flow pattern. The free particle shows a fairly uniform velocity field, with high velocities in the surface region. The difference between the free and TTI particle velocities is plotted in Fig. 3(c) , and the effect of sedimentation can be seen; in the downflowing regions of the fluid the TTI travels faster than the surrounding fluid whilst in the rising parts of the fluid the TTI particle travels slower than the fluid. The magnitude of the difference between the two can clearly be seen in Fig. 3 (c) -the sedimentation velocity of the particle is the same order of magnitude as the velocity differences seen. In this case, using TTIs would not be sensible in validation as the difference in flow between the free tracers and the TTIs is too large, and the flow patterns are significantly different. The data presented here show the kind of results that could be obtained using the method; once it is certain that the TTIs give data that represents the real fluid behaviour then it is possible to use the method to identify the true processing which the food has received. This will make it easier to define an appropriate temperature-time profile in any given situation.
The TTIs are relatively easy to use in practice, but their use on real plant is complex and requires some practice;
factors such as extraction of the TTIs from the fluid can make experiments messy to do! The method is probably best suited to initial process start-up, when process schedules are being set, rather than as a day-to-day operation. The techniques developed here can be applied to most food heating and mixing processes and will hopefully aid process design and operation. 
